It is generally assumed that oxygen potential in a thin oxide electrolyte follows a linear distribution between electrodes. Jacobsen and Mogensen have shown, however, that this is not the case for thin zirconia membranes in solid oxide electrochemical cells. Here we demonstrate that there is a ubiquitous oxygen potential transition rooted in the p-type/n-type transition of electronic conductivity inside mixed conducting oxides, and that the transition is extremely sensitive to electrode potential and current density. It is also remarkably sensitive to the conductivity ratio of electrons and holes, as well as their association with lattice oxygens and vacancies, which tends to increase the oxygen flow. Direct evidence of a sharp oxygen potential transition has been found in an equally sharp grain size transition in electrically loaded zirconia.
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Mogensen only considered (i) because (ii) is probably unimportant. [25] More broadly, though, (ii) cannot be ignored in view of the following observations. Direct evidence for the existence of and conversion between [30, 31] . Formation of oxygen bubbles, which has been reported in several YSZ SOEC studies [10] [11] [12] [13] , also implies (ii) since each condensing lattice/interstitial oxygen ion must shed two electrons. Likewise, to form a vacancy void, which we recently observed in YSZ [14] [15] [16] , each condensing oxygen vacancy must acquire two electrons. Lastly, although one would ordinarily expect migration of ions to be more difficult than migration of electrons or holes, O 2− migration in YSZ actually has a lower activation energy (0.79 eV) than that of electrons (1.89 eV) and holes (1.05 eV) [24] . This unusual result could indicate that electrons and holes are somehow strongly trapped, presumably at vacancies/interstitials, forming complexes. Yet it has not been possible to examine whether these reactions will alter the spatial distribution of oxygen potential because direct experimental measurements of local oxygen potentials inside solid electrolytes are exceedingly difficult.
Having established a strong correlation between oxygen potential and grain growth kinetics in YSZ and related fluorite structure ceramics (reduction enhances grain growth), we have used grain size as an internal marker to map the oxygen potentials in YSZ electrolytes under various current densities, atmospheres, and electrode configurations. [14] [15] [16] [17] As a result, we now have detailed information of oxygen potential distributions in an electrolyte for the first time. 5 Remarkably, it reveals a sharp oxygen potential transition-implicated by a sharp grain size distribution, one example shown in Fig. 2 -typically at about half-way between the two electrodes ( Fig. 2 inset) , and the transition becomes sharper as the current density increases or the electrode kinetics deteriorates. Qualitatively, the sharp transition can be understood from Fig.   1 , which has a minimum in the combined red-blue curve (the combined electron-hole conductivity) at an intermediate oxygen potential: If the oxygen potential forces a steady-state electronic current and the current must go through the conductivity minimum, then most of the potential gradient must be spent at the conductivity minimum-this corresponds to a sharp oxygen potential transition.
Such a transition was indeed seen in the Jacobsen-Mogensen solution [25] and other literatures [32, 33] . However, since these solutions did not consider internal reactions, they may not apply to our experimental conditions that experienced more severe electrochemical reductions and copious cavitation, with considerably larger current densities and thicker electrolytes. Therefore, we will present here a more complete solution that allows both (i) and (ii), with fully and partially ionized species, for a wide range of electrolyte thicknesses and current densities. More broadly, we will argue that the oxygen potential transition is akin to a first-order phase transition, and as such the narrow transition zone may be susceptible to diffusion-limited "interface" instability (e.g., dendritic instability in solidification [34] ), which is fundamental for understanding such disparate phenomena as filament growth and breakdown of mixed conducting oxide electrolytes in devices from electrochemical cells, to ceramic capacitors [35] , to memristors [36] , over a wide range of temperatures. The experimental observations of such instabilities will be presented and analyzed in a separate paper using the idea developed here. Oxygen potential is set to be 0 eV at 1 atm oxygen partial pressure. 
II. Formulation of the problem
We treat YSZ as a prototypical oxygen conductor with mixed ionic and electronic 7 conduction. In addition to the standard ion-diffusion mechanism in which O 2− exchanges its location with a doubly-charged oxygen vacancy neighbor, 
In the above, σi denotes the conductivity of species i. From which, we obtain ( ) 
and the oxygen potential distribution in terms of is given by ( ) 
The rest of the solution procedure is the same as before. The formulation of the problem is now complete.
III. Oxygen Potential: No Defect association
In this section, we will first recover the Jacobsen-Mogensen solution for fully ionized lattice oxygen and oxygen defects without considering (ii) [25] , then illustrate how the oxygen potential transition manifests under this condition for different current densities and electrode thickness. Mathematically, the above can be easily verified by writing the explicit form of Eq. (17) and Eq. (19) with
where the denominator () fx
is the slope of the oxygen potential. Specifically, we have 
This criterion is satisfied by all the cases in Fig. 3a . For example, in the SOEC mode, the LHS of Eq. (24) =200 μm >> RHS=17 μm with −1 A/cm 2 , and also >> RHS=5.7 μm with −3 A/cm 2 . 13 Below, we will find this criterion also holds for other more general cases. The relatively thin L used in the above calculations is appropriate for SOFC and SOEC.
Obviously, Eq. (24) dictates that the transition should be even sharper in a thicker electrolyte under the same boundary potentials and current density, which is verified in Fig. 4a , for the SOEC mode. Remarkably, the figure also reveals a new feature not manifest in the Jacobsen-Mogensen solution [25] : As the thickness increases, the transition is increasingly shifted to the cathode. A similar trend is followed in Fig. 4b at a fixed thickness but with increasing current density. We shall refer this as cathode localization (of the transition). Anode localization is also possible but to avoid repetition we will postpone its discussion to a later 14 section. The equivalence between increasing thickness and increasing current density can be understood by rewriting Eq.   .) Thus the analogy is very useful for understanding the essential physics of our problem. However, our problem having two independent potentials is more complicated than the solidification problem of a pure substance with only one field variable, the temperature.
Therefore, we need to specify not only the boundary potentials but also the flux, which can be jcharge, O J , or their linear combination. This is the essence of the problem. The non-linear conductivity in Fig. 1 makes finding the solution more cumbersome and the transition sharper but does not fundamentally alter the nature of the problem.
IV. Solution to the Park-Blumenthal Problem
To implies the charge current is equally shared by the ionic current and the electronic current.)
Substituting O t into Eq. (17) in the same limit, we obtain ( ) Together, it is controlled by the fastest of the three slower species.
V. Oxygen Potential: with Internal Reactions
We have associated O − diffusion to either an electron-mediated mechanism-a lattice O An interesting new phenomenon emerges when eh 0   . This is illustrated in Fig. 6c-d where the potential transition falls far away from either electrode. To better illustrate the trend, we present in Remarkably, the oxygen potential distribution with a transition near the center becomes almost completely independent of the mode of operation and the current density, unlike the case in Fig.   3a . The same effect is further illustrated in Fig. 4c-d 
VI. Oxygen Potential Transition: A Closer Look
The transitions in Fig. 4c-d and Fig. 6a -e again occur at the potential at the minimum of the combined red-blue curve in Fig. 1 , which as we now know corresponds to the minimum of That is, there is a step-like transition from one boundary value to the other.
The same argument also explains why the transition is localized near one electrode. To keep Fig. 7b-c . Here, it is interesting to note that, at the transition, Lastly, although the above sample calculations were performed for a certain thickness and a fixed current density, all the results can be applied to other thickness and current density combinations when the potential distribution is plotted in x/L and when jiL is the same. This is because as previously noted Eq. (7-10) can be written in the form of 
VII. Discussion
(1) Why do we need to consider O − diffusion?
We have proposed to include O − diffusion in polarization modeling based on the idea that oxygen ions and oxygen vacancies can change their charge states by associating electrons and holes. This new concept is needed to reconcile a major discrepancy between our experimental observation on grain size transition and the previous calculations that did not consider O − diffusion. As illustrated by the example in Fig. 2 and more in Ref. [14] [15] [16] [17] , at a sample temperature of 1200-1400 o C, a current density from −10 to −50 A/cm 2 , and a sample thickness of ~1 mm, there is a very sharp grain size transition halfway across the electrically loaded YSZ, indicating a correspondingly sharp oxygen potential transition at the same position. (We proved the correlation between fast grain growth kinetics and depressed oxygen potential in Ref. [15] .)
This was not an isolated observation, because we had tested many samples of various thickness (but always more than 0.5 mm) with various terminal oxygen potentials To see a grain size transition in YSZ, a large current and high temperature is needed. Our grain size studies were typically conducted at above 1200 o C since there is very little grain boundary mobility in YSZ below this temperature [37] . Moreover, since YSZ is relatively difficult to reduce, we also used very large current densities to force huge electrode overpotentials to trigger grain growth. But a smaller grain size and another electrolyte (e.g., Gd-doped ceria, which is easier to reduce with a grain growth kinetics very sensitive to oxygen potential [15] ) should allow the same observations at a lower temperature and a smaller current density. Indeed, similar grain size transition was also seen in flash-sintered ZnO (Fig. 5 of Ref.
[38]) and may exist in other flash-sintered ceramics. Other observations consistent with our calculations to be discussed next include the activation energies of electron and hole conductivity (see Subsection (2)), the lack of transition when the boundary potentials are all very negative (see Subsection (2)) and instability of grain size transition (see Subsection (3)). .) Note that if there were no association/trapping at lattice/defect sites, this result would be very surprising because the mobilities of electron and hole should have been much larger than that of oxygen ion. But a strong association is consistent with the glassy energy landscape (analogous to a "compositional glass") of YSZ, which offers many lattice sites for possible electron/hole association. [39, 40] It is also consistent with the observation that the activation energy of oxygen diffusion varies from 0.5 eV above 1000 o C, to 0.79 eV at lower temperature, because a stronger association is expected at lower temperature when the configurational entropy against association is less important. These observations support our opinion that the data in Fig. 1 , which has been attributed to electrons and holes in the past, is likely to have a substantial contribution from O − or the like, especially at lower temperature; i.e., αe and αh increases at lower temperature. However, the fact that the two branches in larger than Ce 4+ . [41] Given the potential transition that is approximately antisymmetric and lying in the mid-section, the resulting strain profile should also be antisymmetric with a "neutral axis" lying at the mid-section (at the potential of the conductivity minimum in Fig. 1) , which is the same profile as seen in a bent beam. In fact, fixing the transition near the mid-section will cause a different amount of bending from that caused by a transition near the electrodes, which will in turn lead to a different compensating elastic bending to make the entire section free of bending moment overall. Since it is the latter stress that remains and may possibly result in cracking [18, 19] , oxygen potential transition and how it depends on the defect charge states may affect device integrity.
As we already proposed in Ref. [16] , the transition can be conceptually visualized as an p-n junction: A p-type region with a high hole conductivity, an n-type region with a high electron conductivity, joined by a junction with a huge junction resistance because of minimal electronic conductivity as shown in Fig. 1 . Without any internal reaction, the electronic current is totally decoupled from the ionic current and cannot receive any assistance from ionic conductivity, so it 31 must face the junction resistance alone despite the fact that the ionic conductivity well exceeds the electronic conductivity everywhere. As the huge junction resistance demands a huge driving force, which is provided by the steep slope of the potential, it gives rise to the potential transition.
Using this picture, we can also see that, if the experiment is performed under such condition that the terminal potentials do not traverse the two sides of the conductivity bottom in Fig. 1, then there is no p-n junction at all. Indeed, when we performed the experiment in hydrogen gas or argon [16] , whose oxygen potential is expected to always lie to the left of the conductivity bottom, we observed a much more gradual variation in grain size without a sharp transition, which corresponds to having the entire electrolyte placed into the n-type region. (The calculated oxygen potential distributions, with O − conduction, for the above two cases were previously reported as Fig. 9 in Ref. [16] .) These observations provided further support to our analysis of oxygen potential transition.
Lastly, the results in Fig. 4 and 6 showing an extreme sensitivity of the location of the oxygen potential transition to current density, the balance between electron and hole conductivity, and the conductivity of O − , lead us to foresee conditions that may cause an abrupt propagation of the transition interface. As the sharp transition of oxygen potential is akin to the phase boundary seen in a first-order phase transition, and it is well-known that such interface is prone to instability developing finger-like protrusions and depressions when it propagates under diffusion control, we may envision similar instability with the potential transition. This may be visualized as an abrupt propagation of the p-n junction, followed by its breakdown into a non-planar geometry. Since a high current-density by way of polarization is very effective in altering the boundary potential in addition to being able to sharpen the transition as shown in Fig. 4 , we 32 expect devices that are subject to high current density may be especially susceptible to an abrupt propagation of the oxygen potential transition front, hence "interface" instability. Such devices span from high temperature electrochemical cells, to multilayer ceramic capacitors, to thin-film resistance memories. Observations in support of this expectation will be presented and analyzed in a forthcoming paper. (5) The sharp oxygen potential transition is akin to a first-order phase transition. Therefore, like in a first-order phase transition, interface instability is anticipated for a moving transition front, which is likely to occur in high current-density devices.
VIII. Conclusions

